Pathogenic Leptospira is the aetiological agent of leptospirosis, a life-threatening disease that affects populations worldwide. The search for novel antigens that could be relevant in hostpathogen interactions is being pursued. These antigens have the potential to elicit several activities, including adhesion. This study focused on a hypothetical predicted lipoprotein of Leptospira, encoded by the gene LIC12895, thought to mediate attachment to extracellular matrix (ECM) components. The gene was cloned and expressed in Escherichia coli BL21 Star (DE3)pLys by using the expression vector pAE. The recombinant protein tagged with N-terminal hexahistidine was purified by metal-charged chromatography and characterized by circular dichroism spectroscopy. The capacity of the protein to mediate attachment to ECM components was evaluated by binding assays. The leptospiral protein encoded by LIC12895, named Lsa27 (leptospiral surface adhesin, 27 kDa), bound strongly to laminin in a dose-dependent and saturable fashion. Moreover, Lsa27 was recognized by antibodies from serum samples of confirmed leptospirosis specimens in both the initial and the convalescent phases of the disease. Lsa27 is most likely a surface protein of Leptospira as revealed in liquid-phase immunofluorescence assays with living organisms. Taken together, these data indicate that this newly identified membrane protein is expressed during natural infection and may play a role in mediating adhesion of L. interrogans to its host.
INTRODUCTION
Leptospirosis is a re-emerging infectious disease caused by pathogenic spirochaetes of the genus Leptospira. The disease is more prevalent in tropical and subtropical regions, and in developing countries it produces large urban epidemics with significant mortality, mainly during the rainy season (Bharti et al., 2003) . In the host, leptospirosis has a biphasic clinical presentation beginning with septicaemia followed by an immune phase with antibody production and urinary excretion of leptospires. Children primarily show fever, vomiting, headache, diarrhoea and abdominal and generalized muscle pain, whereas adults have fever, headache, anorexia, muscle pain and constipation (Faine et al., 1999) . The most severe form of leptospirosis, known as Weil's syndrome, seen in 5-15 % of patients, is a multisystemic febrile illness, chiefly with hepatic, renal and pulmonary involvement and with a mortality rate of 5-40 % (Faine et al., 1999; Bharti et al., sequenced (Ren et al., 2003; Nascimento et al., 2004a, b; Bulach et al., 2006) and in silico analysis has identified more than 200 predicted outer-membrane proteins (Nascimento et al., 2004a, b) . These proteins are potential targets for inducing immune responses during host infection and therefore constitute targets for immune protection through mechanisms such as antibody-dependent phagocytosis and killing mediated by complement. In addition, it is possible that a number of these membrane proteins mediate the initial adhesion to host cells (Merien et al., 2000; Barbosa et al., 2006; Choy et al., 2007; Stevenson et al., 2007; Atzingen et al., 2008; Hoke et al., 2008; Hauk et al., 2008; Carvalho et al., 2009 ).
Since the whole genome of Leptospira interrogans serovar Copenhageni was fully sequenced (Nascimento et al., 2004a) , several predicted surface-coding sequences have been under study in our laboratory (Gamberini et al., 2005; Barbosa et al., 2006; Vieira et al., 2007; Atzingen et al., 2008; Gó mez et al., 2008; Oliveira et al., 2008) . In the present study, we focused on a novel hypothetical predicted lipoprotein of unknown function, encoded by the gene LIC12895. The gene was cloned and the protein was expressed using Escherichia coli as a heterologous host system. The recombinant protein of 26.5 kDa was purified and its capacity to mediate attachment to various extracellular matrix (ECM) components was evaluated. We found that this novel leptospiral protein bound strongly to laminin. The protein, termed Lsa27 (leptospiral surface adhesin of 27 kDa), was expressed on the surface of bacteria as it was detected by an immunofluorescence assay using intact living leptospires. In addition, Lsa27 is present during infection as the protein was recognized by antibodies in serum samples from individuals with confirmed leptospirosis, thus suggesting a possible function of this protein in pathogenesis.
METHODS
Bacterial strains and sera. The non-pathogenic Leptospira biflexa (serovar Patoc strain Patoc 1) and the pathogenic L. interrogans (serovars Canicola strain Hond Utrecht IV, Copenhageni strain M-20, Hardjo strain Hardjoprajtino, Icterohaemorrhagiae strain RGA and Pomona strain Pomona), Leptospira borgpetersenii (serovar Castelonis strain Castellon 3), Leptospira kirschneri (serovar Grippotyphosa strain Moskva V) and Leptospira santarosai (serovar Shermani strain 1342 K) were cultured at 28 uC under aerobic conditions in liquid Ellinghausen-McCullough-Johnson-Harris medium (Difco) with 10 % rabbit serum, enriched with L-asparagine (0.015 %), sodium pyruvate (0.001 %), calcium chloride (0.001 %), magnesium chloride (0.001 %), peptone (0.03 %) and meat extract (0.02 %) (all w/v) (Turner, 1970) . Leptospira cultures were maintained at the Faculdade de Medicina Veterinária e Zootecnia, USP, São Paulo, SP, Brazil. Confirmed leptospirosis serum samples were from the Instituto Adolfo Lutz collection, São Paulo, SP, Brazil.
Characterization of the protein in silico. Predicted coding sequence LIC12895 was selected from the L. interrogans serovar Copenhageni genome sequences (Nascimento et al., 2004a, b) based on its cellular localization prediction by the PSORT (http://psort.nibb. ac.jp; Nakai & Horton, 1999; Nakai & Kanehisa, 1991) and P-Classifier (http://protein.bii.a-star.edu.sg/localization/gram-negative/ index.html; Wang et al., 2005) programs. The SMART (http:// smart.embl-heidelberg.de/; Schultz et al., 1998; Letunic et al., 2006), Pfam (http://www.sanger.ac.uk/Software/Pfam/; Finn et al., 2006) and LipoP (http://www.cbs.dtu.dk/services/LipoP/; Juncker et al., 2003) web servers were used to search for predicted functional and structural domains within the amino acid sequences of the selected sequences. The predicted sequence of the lipobox was evaluated by using the SpLip program, as described by Setubal et al. (2006) .
Construction of a plasmid for expression in E. coli. The nucleotide sequence of gene LIC12895 was obtained by PCR amplification from genomic DNA of L. interrogans serovar Copenhageni using the primer pair 59-GGATCCCTGAAATA-TACGAA-39 (forward) and 59-GAATTCTTACTGTTCTCCTTC-39 (reverse) containing restriction sites for EcoRI and BamHI (underlined), respectively. The PCR-amplified products were cloned into pGEM-T vector (Promega) and positive clones were selected by DNA restriction analysis and further confirmed by nucleotide sequencing analysis. After confirmation of the sequence, the insert of 675 bp was removed by digestion with the enzymes indicated and ligated into pAE vector , previously digested with the same enzymes. The resulting plasmid, pAE-LIC12895, was transformed into E. coli BL21 Star (DE3)pLys expression host cells.
Expression and purification of Lsa27. Protein expression was obtained by inoculating 8 ml of a culture grown overnight in 200 ml Luria-Bertani medium containing 100 mg ampicillin ml 21 and 50 mg chloramphenicol ml 21 . The culture was grown with continuous shaking at 37 uC to an OD 600 of 0.6-0.8 and then induced for 3 h under constant agitation at 37 uC in the presence of 0.1 mM IPTG. The cells were harvested by centrifugation and the bacterial cell pellet was resuspended in sonication buffer [20 mM Tris/HCl (pH 8.0), 200 mM NaCl, 200 mg lysozyme ml 21 , 2 mM PMSF and 1 % Triton X-100] and lysed on ice with the aid of a sonicator (Ultrasonic Processor; GE Healthcare). The bacterial cell lysate was centrifuged at 3000 g for 15 min at 4 uC. The supernatant was loaded onto Ni 2+charged beads of a chelating fast-flow chromatographic column. The column was washed extensively with buffer containing 20 mM Tris/ HCl (pH 8.0), 200 mM NaCl and 5 mM imidazole. Bound protein was eluted with washing buffer containing 500 mM imidazole. The efficiency of purification of Lsa27 was evaluated by 15 % SDS-PAGE. Fractions containing the eluted protein were pooled and purified again after diluting 1 : 100 in washing buffer without imidazole, to remove contaminating E. coli proteins. Fractions containing the recombinant protein were dialysed extensively against PBS containing 1 mM PMSF.
Circular dichroism (CD) spectroscopy. CD spectroscopy measurements were performed at 20 uC in a Jasco J-810 spectropolarimeter (Japan Spectroscopic) equipped with a Peltier unit for temperature control. Purified recombinant protein was dialysed into 10 mM sodium phosphate buffer at a concentration of 20 mM. Far-UV (185-260 nm) spectra were acquired using a 1 mm path-length cell at 0.5 nm intervals and five scans were accumulated and the mean value determined. The molar ellipticity (W) is expressed in degrees cm 22 dmol 21 .
DNA and RNA extraction. The DNA from different serovars of Leptospira species was extracted from pellets with a guanidine detergent lysing solution (DNAzol; Invitrogen), essentially as described by Oliveira et al. (2008) . PCR amplifications were performed using 2 ml cDNA to amplify the cDNA-specific gene. Sample quantity and integrity were verified by amplification of a 1042 bp 16S rRNA gene fragment using the primers 16S-F (59-CAAGTCAAGCGGAGTAGCAATACTCAGC-39) and 16S-R (59-GATGGCAACATAAGGTGAGGGTTGC-39).
Microscopic agglutination test (MAT). A microscopic agglutination test was performed according to Faine et al. (1999) using a battery of 22 serovars of Leptospira species as antigens, as described previously (Oliveira et al., 2008) .
ELISA for detection of human antibodies. Detection of human IgG and IgM antibodies against Lsa27 was performed as described previously (Oliveira et al., 2008; Rodrigues et al., 2003) . Each serum sample was added in duplicate wells at a 1 : 100 dilution. Cut-off points were set at 3 standard deviations above the mean A 492 of sera from six individuals who had never been exposed to leptospirosis, from the city of São Paulo.
Production of polyclonal antiserum against Lsa27. Four female BALB/c mice (4-6 weeks old) were immunized subcutaneously with 10 mg Lsa27. The recombinant protein was adsorbed in 10 % (v/v) Alhydrogel [2 % Al(OH) 3 ; Brenntag Biosector], used as an adjuvant. Two subsequent booster injections were given at 2-week intervals with the same protein preparation. Negative-control mice were injected with PBS. Two weeks after each immunization, mice were bled from the retro-orbital plexus and pooled sera were analysed by ELISA for determination of antibody titres. All animal studies were approved by the Ethics Committee of the Instituto Butantan, São Paulo, SP, Brazil.
Protein conservation among leptospiral strains. Bacterial cultures of Leptospira species were harvested by centrifugation, washed three times with PBS containing 5 mM MgCl 2 and resuspended in PBS. A sample from each strain was separated by 15 % SDS-PAGE and the proteins were transferred to nitrocellulose membrane using semi-dry equipment (GE Healthcare). The membrane was blocked overnight at 4 uC with 5 % non-fat dried milk and 2.5 % BSA in PBS. After three washings with PBS/Tween 20, the membrane was incubated for 2 h at room temperature with antiserum against Lsa27 (diluted 1 : 200) produced in mice, followed by washings and incubation with horseradish peroxidase-conjugated goat anti-mouse IgG (diluted 1 : 5000) for 1 h at room temperature. The membrane was then washed and the reactivity was revealed with diaminobenzidine and H 2 O 2 .
Binding of Lsa27 to ECM proteins. ELISA was performed as described previously (Barbosa et al., 2006) to test the adherence of Lsa27 to matrix component proteins. A 96-well plate was coated with 1 mg per well of laminin, collagen type I, collagen type IV, cellular fibronectin or plasma fibronectin (Sigma-Aldrich) in 100 ml PBS. MPL21, another recombinant protein, was used as a negative binding control. Ovalbumin, BSA and fetuin were bound to wells at the same concentration to serve as negative controls. For statistical analyses, the binding of Lsa27 to ECM macromolecules was compared with its binding to ovalbumin, BSA and fetuin by Student's two-tailed t-test.
Liquid-phase immunofluorescence assay (L-IFA). Localization of the LIC12895-encoded protein on the bacteria was performed by L-IFA, as described previously (Oliveira et al., 2008) . The immunofluorescently labelled leptospires were examined using a confocal LSM 510 META microscope (Zeiss).
RESULTS

Bioinformatic analysis of the LIC12895 sequence
The gene LIC12895 was identified on chromosome I by analysis of the probable open reading frames present in the genome of L. interrogans serovar Copenhageni (Nascimento et al., 2004a, b) . LIC12895 was predicted to be a membrane protein, based on a search for sequence motifs by the programs PSORT (Nakai & Kanehisa, 1991) and P-Classifier (Wang et al., 2005) . The SMART server predicted a signal peptide from aa 1 to 20. There was no putative conserved domain within this sequence, according to Pfam. The LipoP server predicted the LIC12895 coding sequence to be a lipoprotein with a cleavage site for signal peptidase II at aa 20-21 (Juncker et al., 2003) , corroborating the result obtained using SpLip (Setubal et al., 2006) . BLAST analysis showed that LIC12895 was identified in L. interrogans serovar Lai (79 % identity with LA0710) (Ren et al., 2003) but was absent in both the pathogenic L. borgpetersenii (Bulach et al., 2006) and the saprophytic L. biflexa (Picardeau et al., 2008) genome sequences.
Cloning of the LIC12895 gene and expression of recombinant protein
The 675 bp fragment amplified by PCR from genomic DNA of L. interrogans serovar Copenhageni was cloned and sequenced. The recombinant LIC12895-encoded protein of 26.5 kDa was expressed as a full-length protein in E. coli BL21 Star (DE3)pLys and purified by Ni 2+ -charged chromatography. Fig. 1(a) shows the SDS-PAGE analysis of purified Lsa27 performed under denaturing conditions in the presence of the reducing agent 2-mercaptoethanol. The structural integrity of the purified protein was assessed by CD spectroscopy. As depicted in Fig. 1(b) , Lsa27 presented a predominant signal of a-helices with minimum ellipticities at 208 and 222 nm and a maximum at 192 nm. The experimental data confirmed the secondary structure content previously predicted by computational analysis (http://bioinf.cs.ucl.ac.uk/psipred/).
Analysis of the LIC12895 gene, its transcript and the protein among leptospiral reference strains
To evaluate the conservation of the protein corresponding to the gene LIC12895 and its transcript, PCR and RT-PCR analysis were performed on a panel of leptospires comprising four pathogenic species, L. interrogans (serovars Canicola, Copenhageni, Icterohaemorrhagiae, Pomona and Hardjo), L. borgpetersenii serovar Castelonis, L. santarosai serovar Shermani and L. kirschneri serovar Grippotyphosa, and the non-pathogenic strain L. biflexa serovar Patoc. The results depicted in Fig. 2(a) show the presence of a specific amplification band corresponding to a 420 bp fragment of the LIC12895 gene from genomic DNA in L. interrogans serovars Copenhageni and Icterohaemorrhagiae. The bands observed in L. interrogans serovar Canicola and L. biflexa were smaller and were probably due to non-specific annealing of the primers. The bands observed with the species L. borgpetersenii, L. kirschneri and L. santarosai were of a similar size to that amplified from L. interrogans serovars Copenhageni and Icterohaemorrhagiae but were much less intense, probably due to the presence of sequences in their genome that have low similarity to the LIC12895 gene. The cDNA was detected only in the pathogenic strains of L. interrogans serovars Copenhageni and Icterohaemorrhagiae (Fig. 2b) . Protein expression confirmed these results, as protein bands were clearly seen with the same strains (Fig. 2c ). The protein band detected with L. biflexa was probably due to non-specific binding, as no transcript was observed with this strain.
Adhesion to ECM components
Laminin, collagen types I and IV, cellular fibronectin, plasma fibronectin and the control proteins BSA, ovalbumin and fetuin were immobilized on microdilution wells and recombinant protein attachment was assessed by using an ELISA-based assay. As shown in Fig. 3(a) , LIC12895encoded protein exhibited efficient adhesion to laminin. No statistically significant adhesion was observed with this protein when wells were coated with collagen types I and IV, plasma and cellular fibronectin or with the highly glycosylated control protein fetuin. MPL21, a recombinant protein used as a negative control, showed no significant attachment to any of the ECM components tested. The interactions of Lsa27 and MPL21 with laminin were also assessed on a quantitative basis, as illustrated in Fig. 3(b) . A dose-dependent and saturable binding was observed when increasing concentrations of the recombinant protein (0-1000 nM) were allowed to adhere to a fixed laminin concentration (1 mg). Saturation level was reached at a protein concentration of 500 nM (Fig. 3b ). In the case of MPL21, a constant binding intensity was detected, which did not change with increasing protein concentration (Fig.  3b) .
Reactivity of Lsa27 with serum samples from individuals with leptospirosis
Serum antibodies (IgM and IgG) from individuals with confirmed early-phase and convalescent-phase leptospirosis were used to test recognition of Lsa27. A total of 39.5 % of subjects presented antibodies (IgM+IgG) against the recombinant protein. Lsa27 was recognized by IgM and IgG antibodies in both the early and convalescent phases of the disease (results not shown).
Detection of protein corresponding to the LIC12895 gene in bacteria by confocal microscopy
We used an L-IFA to demonstrate the expression of native LIC12895-encoded protein in L. interrogans. The genomic DNA of living leptospires was labelled by propidium iodide staining (Fig. 4a, d, g, j) , followed by incubation with anti-Lsa27 antibody and secondary anti-mouse IgG antibodies conjugated to FITC (Fig. 4b, e ). In control experiments, a green fluorescence could be observed with antisera that recognized LipL32 antigen (Fig. 4h) , an outer-membrane protein, but not with GroEL, a protoplasmic cylinder marker (Fig. 4k ). We observed that Lsa27 was located at the anterior end of the leptospires as a unique dot configuration. The localization of the protein on the leptospires was achieved by superimposing both fields and the results obtained are shown in Fig. 4 (c, f, i, l) for each of the proteins Lsa27, LipL32 and GroEL.
DISCUSSION
The genome annotation of L. interrogans serovar Copenhageni predicted 184 coding sequences, some of which were expected to be exported to the leptospiral surface as lipoproteins (Nascimento et al., 2004a) . The majority of these proteins were hypothetical with no assigned function. Among these 184, we selected proteins that were predicted to be present at the membrane of leptospires. Due to their location, these proteins are in contact with the host and may be involved in leptospiral pathogenesis and protective immunity. Host tissue adhesion and colonization are critical events in disease establishment. Bearing this in mind, we were able to identify leptospiral adhesins with ECM-binding properties (Atzingen et al., 2008; Barbosa et al., 2006) and proteins that were capable of promoting upregulation of cellular adhesion molecules in endothelial cells (Gó mez et al., 2008; Vieira et al., 2007) .
We report in this work a novel L. interrogans protein encoded by the gene LIC12895, annotated in the genome as hypothetical and predicted to be a lipoprotein. The LIC12895-encoded protein was able to bind laminin in a dose-dependent and saturable manner. In addition, this protein was recognized by antibodies present in serum samples from patients diagnosed with leptospirosis. The presence of the LIC12895 gene was clearly demonstrated by PCR in L. interrogans serovars Copenhageni and Icterohaemorrhagiae. The faint bands detected in other species were probably due to some sequence similarity in these species. This is in agreement with BLAST analyses, which have shown the absence of the LIC12895 gene in the pathogenic L. borgpetersenii (Bulach et al., 2006) Leptospiral protein binding to laminin genomes. Accordingly, the LIC12895 transcript as well as the protein were detected in L. interrogans serovars Copenhageni and Icterohaemorrhagiae strains. The protein in the bacterial extracts had a slightly higher molecular mass than the recombinant protein (see Fig. 2c ). As LIC12895 is predicted to be a lipoprotein, it is possible that the proteins were in their lipidated form within the bacterium. Moreover, the coding sequence has been identified in the genome sequences of L. interrogans serovar Lai (Ren et al., 2003) . This is interesting as all of these serovars belong to the same Icterohaemorrhagiae serogroup and, in humans, severe leptospirosis is frequently but not invariably caused by serovars of this serogroup (Faine et al., 1999; Levett, 2001 ). In addition, there is evidence that L. interrogans serovar Copenhageni is responsible for leptospirosis-associated severe pulmonary haemorrhagic syndrome in slum communities in Salvador, Brazil (Maciel et al., 2008) . Thus, it is possible that the LIC12895-encoded protein may contribute to the pathogenesis of Leptospira from this serogroup.
The LIC12895-encoded protein was expressed in E. coli as a 26.5 kDa full-length recombinant protein, named Lsa27.
Lsa27 was expressed in its soluble form by employing conditions such as low IPTG concentration and the E. coli BL21 Star (DE3)pLys expression host. Under these conditions, we succeeded in purifying the expressed Lsa27 as a major protein band. The maintenance of secondary structure of the recombinant protein after the purification process was one of our concerns, as some denatured proteins lose their immunogenicity and immunoprotection activities (Pertinhez et al., 2004) . However, CD spectroscopy showed a predominant signal of a-helical secondary structure content that validated Lsa27 for further studies.
Lsa27 showed ECM-binding properties and it is probable that it may have a function in attachment to host tissues. The protein exhibited a binding profile similar to that of the previously reported Lsa24, which is a laminin-binding adhesin (Barbosa et al., 2006) , but distinct from that of other adhesins that have been reported to bind to different ECM macromolecules (Stevenson et al., 2007; Choy et al., 2007; Atzingen et al., 2008; Hoke et al., 2008; Hauk et al., 2008; Carvalho et al., 2009) . We have previously shown the attachment of Leptospira to several ECM macromolecules,
PI FITC Merge Fig. 4 . Localization of Lsa27 in L. interrogans by L-IFA. Confocal microscopy was performed with live L. interrogans using antisera specific for Lsa27, LipL32 (surface-exposed lipoprotein) and GroEL (protoplasmic cylinder marker). FITC-conjugated secondary antibodies were used to detect the surface-bound antibodies (b, e, h and k). Leptospires were identified by propidium iodide staining of the DNA (a, d, g and j). Co-localization is shown in the merged images (c, f, i and l). Magnification, ¾600.
including laminin, collagen I, collagen IV, cellular fibronectin and plasma fibronectin (Barbosa et al., 2006) .
The reactivity of the Lsa27 protein was detected against sera from both early MAT-negative and late MAT-positive phases of the illness. These results indicate that the Lsa27 protein is expressed and is immunogenic during natural infection and is likely to be exposed to the host cells. In fact, the results of bacterial cell localization of the Lsa27 protein with live leptospires using L-IFA (Oliveira et al., 2008) indicated that Lsa27 is surface-exposed. Polyclonal serum against the recombinant protein showed positive green fluorescence reactivity with Lsa27 that was similar to but much less intense than that obtained with the LipL32 outer-membrane protein, a major leptospiral antigen (Haake & Matsunaga, 2002; Nally et al., 2007) . The fluorescence obtained with Lsa27 in addition to the negative reactivity shown with the protoplasmic cylinder protein GroEL antiserum suggest that this protein is surface-exposed.
Revealing bacteria-host interactions at a molecular level will shed light on our understanding of host physiology and will facilitate the identification of novel vaccine targets against leptospirosis. Lsa27 is a newly identified, surfaceexposed adhesin of Leptospira that exhibits ECM-binding properties, is recognized by antibodies in both early and late phases of the disease and is present in serovars of L. interrogans that belong to a serogroup frequently associated with severe leptospirosis in humans (Faine et al., 1999; Levett, 2001; de Faria et al., 2008) . Thus, it is possible that Lsa27 may have a role in the adhesion process and hence may contribute to leptospiral infection associated with the Icterohaemorrhagiae serogroup.
